Background: The frequency of migraine headaches is higher in women than in men and in susceptible women attacks are related to changes in ovarian hormone levels. Intracranial mast cells (MCs) are likely to have a role in migraine headache genesis, and changes in the dural MC population might influence headache susceptibility. The present study thus tested the hypothesis that sex and ovarian hormones influence the density and phenotypic makeup of dural MCs. Methods: Histochemistry combined with quantitative analyses was used to investigate sex differences, estrous cycle and ovarian hormones on dural MC density, phenotype and degranulation level in male and female rats. Results: Our data show that in female rats, dural MC density fluctuates during the estrous cycle and is overall higher than in males. In ovariectomized rats, estradiol, but not progesterone, promoted an increase in dural MC density. This effect was abolished by a splenectomy, suggesting estrogen-related recruitment of MCs from the spleen. Finally, our data suggest that the phenotypic make up of dural MCs, which represents the level of cellular maturity, is also governed by changes in estrogen levels. Conclusions: Given the potential role of dural MCs in triggering headache, our data suggest that estrogen-related modulation of dural MC density and phenotypic makeup could have a role in mediating the higher frequency and severity of headaches such as migraine, in women.
Introduction
The intracranial meninges are considered a key player in the genesis of headaches of intracranial origin (1-3). One major process that might contribute to headache triggering is sterile meningeal inflammation and the ensuing persistent activation of primary afferent nociceptive neurons that innervate the meninges and their related large blood vessels. The dural layer of the meninges is the one most heavily innervated by nociceptive afferents and is also highly populated by immune cells, including macrophages, dendritic cells and mast cells (MCs) (4, 5) . Dural MCs are of particular interest because of their close proximity to dural nociceptors (6, 7) . Given their pro-inflammatory properties, dural MCs have been suggested to have a role in headache precipitation (8) (9) (10) (11) . We have shown recently that degranulation of dural MCs can lead to persistent activation of dural nociceptors and the headache pain pathway (12) , and that this response can lead to behavioral changes reminiscent of migraine headaches in humans (13) . Dural MCs therefore seem to be well positioned to serve as powerful mediators of the inflammatory cascade that leads to intracranial headaches. Given that MCs respond to a host of potential headache triggers (9, 10, (14) (15) (16) , it is conceivable that endogenous or exogenous factors that influence the dural MC population might have a role in modulating headache susceptibility, headache frequency, or even the severity of attacks in subsets of headache sufferers.
Two related major factors that contribute to increased headache susceptibility are sex and changes in ovarian hormones. Headaches, in particular migraines, are more common in women than in men (17) , and estrogen is thought to play a key role in mediating this susceptibility (18) . The possibility that changes in dural MC density or maturation might influence headache susceptibility and the observation that in female rodents ovarian hormones influence MC populations, primarily within the reproductive system (19) (20) (21) , has led us to explore the possibility that dural MCs are also subject to such endocrine influence.
In this work we thus tested in rats: 1) whether the density and phenotype of dural MCs is sexually dimorphic; 2) whether ovarian hormones, in particular estrogen influence the dural MC population; and 3) whether the spleen might serve as a major source of MCs that are affected by estrogen and recruited to the intracranial dura mater.
Materials and methods

Animals
Adult, age-matched (60-70 days old) female (n ¼ 67) and male (n ¼ 7) Sprague-Dawley rats (Taconic) were kept in a climate-controlled room on a 12 h light/dark cycle with food and water available ad libitum. Handling, care, maintenance and testing of the animals were performed in accordance with the policies and recommendations of the International Association for the Study of Pain (IASP) and the National Institutes of Health guidelines for the handling and use of laboratory animals. The Animal Care and Use Committees of the Beth Israel Deaconess Medical Center and Harvard Medical School approved all experimental protocols. In normally cycling females, at least 2 weeks of daily vaginal smears were conducted to determine the estrous stage. Only animals that showed at least two consecutive regular 4-day estrous cycles were used. Cycling females were tested during the phases of proestrus, estrus, diestrus 1 and diestrus 2.
Surgeries and hormone administrations
A group of female rats underwent a bilateral ovariectomy (OVX) at 7-8 weeks of age (performed by Taconic) and were treated with ovarian hormones 2 weeks later. Some female rats underwent an OVX concomitant with a splenectomy (SPLX). Vaginal smears were conducted to verify the lack of cyclical vaginal changes following OVX and the effect of hormone treatments. Post-mortem autopsies were conducted to verify complete removal of the ovaries and spleen. To examine the effect of ovarian hormones, OVX females were injected subcutaneously with 0.1 ml sesame oil (vehicle) containing 17-b-estradiol (E2, 5 mg) or progesterone (P4, 2.5 mg) þ E2 (5 mg). Untreated animals were injected only with the vehicle. All injections were made between 08:00 and 09:00.
Histology
Animals were deeply anesthetized (100 mg/kg pentobarbital) and perfused through the ascending aorta with 0.1 M phosphate-buffered saline (PBS) followed by 4% formalin solution in PBS. The dura mater was dissected as indicated previously (12) . Briefly, a craniotomy was made to expose the supratentorial dura mater, which was then dissected free and cut along the superior sagittal sinus and one side of the transverse sinus. The supracerebellar dura remained attached to one of the dural specimens. Dural tissues were then mounted flat on slides and subjected to one of two histochemical staining protocols. To investigate potential changes in the density of the two major dural MC phenotypes, dural samples were subjected to the Alcian blue/ Safranin (AB/SAF) histochemical method by incubating them for 40 min with acidified solutions containing 2% AB followed by 5 min counterstaining with a 2% SAF. Given that >95% of dural MCs were stained either only with SAF or with both SAF and AB (see also (22) ), changes in the population stained only with AB are not reported here. To investigate MC degranulation, the other dural half was stained for 1 min with an acidified 0.1% solution of toluidine blue. Following dehydration in graded alcohols and xylene the slides were coverslipped. MC density was determined under Â 100 magnification by counting the number of red-stained cells (SAF þ /AB À phenotype) or mixed red and blue staining (SAF þ /AB þ phenotype). The average MC density of each phenotype was based on MC counts from 15 different randomly chosen visual fields both rostral to the transverse sinus and caudal to it over the supracerebellar tissue (7) . Because the toluidine blue staining method allows visualization of extruded MC granules, this method was used to investigate the degree of MC degranulation. For this, toluidine-blue-stained MCs were visualized under Â 200 magnification in 10 random visual fields rostral and caudal to the transverse sinus. Cells were considered degranulated if there was an extensive dispersion of more than 15 extruded vesicles localized near the cell, or when there was an extensive loss of granule staining, giving the cell a 'ghostly' look (12) . MC counts, phenotype and degranulation levels were conducted by a person blinded to the stage of the estrous cycle or treatment.
Statistical analyses
Data are represented as means (AESEM) and was compared using non-parametric statistics. The Kruskal-Wallis one-way analysis of variance was used to compare differences between the densities of different MC phenotypes and overall MC densities as well as differences between the degrees of MC degranulation in the various groups. Two-group comparisons were conducted using the Mann-Whitney U test. All analyses were conducted using Statview (SAS institute). p < 0.05 was considered statistically significant.
Results
Effects of estrous cycle, sex and OVX on dural MC density and phenotype
In normally cycling females ( Figures 1 and 2A ), dural MC density fluctuated across the estrous cycle, with significant changes observed for the SAF þ /AB À (p < 0.01) and SAF þ /AB þ (p < 0.05) phenotypes as well as for overall MC density (p < 0.05). When compared with the diestrus 2 or proestrus phases, overall MC density was higher in estrus (p < 0.01), which was largely due to an increase in the SAF þ /AB þ phenotype (p < 0.05). The increase in overall MC density was also evident during the next phase of the cycle, in diestrus 1 (p < 0.01). At this stage of the cycle, there was also a major phenotypic change whereby the SAF þ /AB À phenotype became the dominant phenotype (p < 0.01, compared with all other estrous phases). This increase in MC density occurred concomitantly with a decline in the density of the SAF þ /AB þ phenotype. When comparing the overall density of dural MCs across the different phases of the estrous cycle with those observed in males, females had a higher MC density in all phases but proestrus (Figure 2A , p < 0.05). When overall dural MC densities were averaged across the estrous cycle, values were significantly higher than those seen in the dura mater of males ( Figure 2B , p < 0.05). The sexual dimorphic difference in dural MC density was largely due to increased density of the SAF þ /AB þ phenotype (p < 0.05) in females ( Figure 2B ). The density of dural MCs and their phenotypic makeup in 2 week OVX females was similar to that seen in males.
Effects of ovarian hormone treatments in OVX rats on dural MC density and phenotype
The administration of a single dose of E2 2 weeks after OVX gave rise to an increase in dural MC density. When compared with vehicle-treated OVX females, 24 hours following E2 treatment, there was an increase in the overall MC density (p < 0.01), which was primarily due to an increase in the density of the SAF þ /AB þ phenotype (p < 0.05) ( Figure 3A) . At 48 hours, the overall increased density was maintained but the SAF þ /AB À phenotype became the dominant phenotype (p < 0.01). At 72 hours after E2 administration, there was a decline in the densities of the SAF þ /AB À and SAF þ /AB þ phenotypes to a level that was no different than that seen in the vehicle-treated OVX females. Administration of P4 together with E2 blunted the increase in dural MC density seen after E2 treatment alone, both at 24 hours (not shown) and 48 hours, with values similar to those seen in vehicle-treated OVX females. To investigate whether the spleen is a possible source of the MCs recruited to the dura mater under E2 influence, we tested whether E2 treatment leads to a similar dural MC hyperplasia in OVX and splenectomized (SPLX) animals. In SPLX/OVX females the overall density or phenotypic makeup of dural MCs was not different when compared with OVX females with intact spleen ( Figure 3B ). However, SPLX significantly inhibited the E2-mediated increases in the density of the SAF þ /AB À MC phenotype (p < 0.05) and overall MC density (p < 0.05).
Effect of the estrous cycle, OVX and ovarian hormone treatments on dural MC degranulation
In cycling females there were no significant changes at the level of dural MC degranulation during the estrous cycle, although there was a trend for increased MC degranulation in proestrus ( Figure 4 ). OVX or SPLX surgeries alone also did not influence dural MC degranulation level. Similarly, treatment of OVX female with E2 or vehicle did not affect the level of MC degranulation. However, 48 hours following the treatment of OVX animals with E2 þ P4, the level of dural MC degranulation increased four-fold compared with untreated OVX females (p < 0.05).
Discussion
Studies in male rodents have indicated that under normal physiological conditions the population of mature MCs in connective tissues such as the dura is stable and has a relatively slow turnover (1-2 weeks) (23, 24) . Studies in female rodents suggest however that in certain tissues, particularly the reproductive organs, MC density is subjected to fluctuations during the reproductive cycle. For example, the density of ovarian MCs increases during the phase of heightened estrogen levels (at proestrus) and declines when estrogen levels fall (25) . In the uterus, however, MC density peaks 2 days after proestrus, during the diestrus 1 phase (26) . In the brain, thalamic MCs also undergo rapid changes during the estrous cycle, with increasing number of cells seen during the proestrus and estrus phases (27) .
The present study provides evidence that in female rats the density of dural MCs is also subjected to cyclical changes related to the 4-day estrous cycle, and that the increases in their density are similar to that seen in the uterus during the phases of estrus and diestrus 1.
Our study shows that in all but the proestrus phase of the estrous cycle, females exhibit higher dural MC densities than males. Sex differences in the density of rats' thalamic MCs were also reported (28), although it is unclear whether all stages of the estrous cycle contributed equally to those findings. The sexual dimorphic differences observed in dural MC density may be related to the effect that hormonal fluctuations exert during the estrous cycle and/or due to chromosomal influences. The cyclical changes during the estrous cycle point to a role of ovarian hormones. The lower density of dural MCs in OVX females and the finding that acute administration of E2 to OVX rats led to a time-dependent increase in dural MC density to levels seen in normally cycling females further suggest the influence of ovarian hormones. This latter finding together with the lack of changes seen in the E2 þ P4treated group suggests that E2 is the main ovarian hormone that contributes to the increase in dural MC density and that P4 actions probably oppose this effect. The increased density of dural MCs during estrus and diestrus 1 and following E2 treatment in OVX females probably reflect the recruitment of MCs from one or more extradural sources. MCs are derived from immature hematopoietic progenitors that originate in the bone marrow. These progenitors are only minimally granulated and upon migration to tissues undergo granulation and final maturation in situ (29) . Some MC progenitors may be retained within reservoirs, mainly in the spleen (30, 31) , and can further migrate to a specific tissue in response to chemotactic stimuli. The spleen has been implicated as the source of the leukocytes that infiltrate the ovaries during the night between proestrus and estrus (32) . Our finding that a SPLX prevented the E2-related increase in dural MC density in OVX rats suggests that the spleen may be a major source of the MCs that are attracted to the dura under estrogenic influence.
Although not assessed in this study because of the modulatory effect of SPLX on the recurrence of the estrous cycle in rats (33) , it is plausible that the spleen serves as the source of the MCs that migrate to the dura during estrus and diestrus 1. The possibility that under estrogenic influence the spleen secretes molecules that enhance the migration and localization of MCs to the dura mater should also be considered. The molecular mechanisms underlying the E2related recruitment of MC to the dura mater as well as other tissues remain unclear. In vitro, E2 treatment can lead to upregulation of the chemokine receptors CCR3 and CCR5 in MCs of mice and CCR4 and CCR5 in human-derived MCs (21) . These receptors could have a role in the migration of MCs towards various chemokines, including CCL5 (RANTES) (21, 34) . The failure of dual treatment with E2 and P4 to increase MC density in the dura is reminiscent of the inability of such treatment to increase MC numbers in the thalamus (27) . This effect of P4 may be related to its ability to inhibit the expression of the CXCR4 receptor, another chemokine receptor that is necessary for the migration of MCs towards RANTES (35) . It should be noted nonetheless that in the uterus P4 is not inhibitory when administered with E2 (21) . Another possible action of P4 that could explain the lack of increase in the number of dural MCs following the combined E2 and P4 treatment is enhancement of dural MC degranulation. Such action might have caused a reduction in the number of cells amenable to the SAF/AB staining (which stains MC granules), thus resulting in a seemingly lower MC count. Because there was no significant increase in dural MC degranulation during the estrous cycle, this P4-related MC degranulation is unlikely to have clinical relevance. The possibility that this effect was the result of a heightened physiological response related to the pharmacodynamics and potentially the pharmacokinetics of the exogenously administered P4 should also be considered.
We used the SAF and AB histochemical staining protocol to examine whether the estrous cycle and ovarian hormone replacement in OVX animals have different effects on the density of the two major MC phenotypes found in the dura mater -the SAF þ /AB À and SAF þ /AB þ phenotypes (22, 36) . These staining properties result from different proteoglycan granule content -the SAF þ /AB À phenotype contains primarily the proteoglycan heparin while the SAF þ / AB þ phenotype contains a mix of heparin and nonheparin proteoglycan granules, mostly chondroitin sulfate E (37, 38) . It has been suggested that the SAF þ /AB À phenotype represents the fully mature form of connective tissue MCs while the SAF þ /AB þ is regarded as a granulated but less mature form of connective tissue MCs (39, 40) . We observed that the initial rise in dural MC density during the estrus phase reflected primarily an increase in the density of the SAF þ /AB þ phenotype. However, the main phenotype seen during the peak phase, 24 hours later (diestrus 1), was the presumably more mature SAF þ /AB À phenotype. Because this phenotypic switch occurred in the absence of a further increase in overall MC density, a likely mechanism is the differentiation of the SAF þ /AB þ into the SAF þ /AB À phenotype. Acute administration of E2 to OVX females had a similar effect on the phenotypic makeup of dural MCs -an initial increase in the density of the SAF þ / AB þ phenotype followed by an increase in the SAF þ / AB À phenotype a day later. These findings further indicate the possibility that E2-mediated MC recruitment to the dura mater is followed by a local maturation process. It is worth noting that the decrease in dural MC density seen a day following the attained peak, in both the normally cycling females and E2-treated OVX females, was not accompanied by increase in dural MC degranulation, suggesting that such decrease was due to their migration outside the dura mater.
The phenotypic switch from the SAF þ /AB þ to the SAF þ /AB À phenotype is associated with increased granule heparin content. This change is also likely to be associated with increased granule content of the inflammatory mediators histamine, 5HT and proteases, which form complexes with this proteoglycan (41, 42) . An increase in the content of these inflammatory mediators could potentially result in increased efficacy of the SAF þ /AB À phenotype to mount an inflammatory response. We observed that females, overall, showed higher density of the presumably less mature SAF þ / AB þ phenotype when compared with males. It should be noted, however, that despite being considered less mature, dural MCs of the SAF þ /AB þ phenotype can also become activated and release their granule contents (36) . Given that the degree of the inflammatory response related to MC activation is probably determined by their local density and the repertoire and content of their inflammatory mediators, further functional electrophysiological or behavioral studies will be required to examine whether the higher density of the SAF þ /AB þ phenotype seen in females in most estrous phases is associated with enhanced MC-related meningeal nociception, which could contribute to the sex difference in migraine susceptibility.
The finding that during diestrus 1 females had the highest density of the more mature SAF þ /AB À MC phenotype is intriguing and suggests that at this hormonal stage a trigger leading to MC activation could promote a larger inflammatory response and presumably an increased nociceptive response. Although caution is needed when comparing the estrus cycle in rodents with the menstrual cycle in women, it is interesting to note that the hormonal milieu present during diestrus 1 (low E2 and P4 levels) is parallel to that of the late luteal phase in women (see Figure 1 in (43)). Because the frequency of migraine attacks and the severity of the headache are known to increase during this hormonal phase in women, a condition known as menstrual migraine (18), it is tempting to speculate that the changes in density and phenotype of dural MCs we observed during the fall in the levels of ovarian hormones in rats might also be present in women during the premenstrual phase and thus may directly contribute to the development of menstrual migraine.
In summary, on the basis of the ability of MCs to mount inflammation and promote intracranial nociception (10), we propose that factors capable of regulating dural MC density, maturity and their propensity to release inflammatory mediators could play a role in modulating headache susceptibility, frequency, or even the severity of an attack. Based on the present study, we suggest that estrogen-mediated changes in dural MC density and phenotype could play a role in mediating the increase in migraine prevalence, frequency, and severity in women. Further studies are required to determine whether MC-related meningeal inflammation and activation of the headache pain pathway is enhanced during hormonal conditions that give rise to increased dural MC density and maturity. This process of estrogen-related dural MC migration and maturation might serve as a target for future migraine headache therapy.
